Introduction
Recent theoretical and experimental studies have revealed various exotic structures such as neutron halo and skin structures, where valence neutrons play important roles. Nuclear reactions at low incident energy are efficient tools to investigate the effects of valence neutrons in nuclear dynamics. For instance, during tunneling through the Coulomb barrier, in subbarrier nuclear fusion reactions, valence neutrons probably affect excitation of nuclei by influencing the alignment, polarization, and vibration. To investigate low-energy nuclear reactions theoretically, internuclear potentials that work well in low-incident energy are required.
There are two types of internuclear potentials for nuclear reactions; adiabatic and sudden potentials. To obtain adiabatic potentials in mean-field approaches, two methods have been proposed: applications of the time-dependent Hartree-Fock (HF) method with a density constraint [14] and the HF method with an internuclear-distance constraint in a symmetric form [17, 18] . In the former method, energy is minimized using the constraint on the density distributions obtained by the time-dependent HF calculations. Since the density is determined by time-dependent HF at incident energies greater than the Coulomb barrier, the distortion effects of colliding nuclei associated with density changes at low incident energy (i.e., below the Coulomb barrier) can be insufficient. In the latter method, energy variation with a symmetric constraint on the internuclear distances has been applied to symmetric systems but not to asymmetric systems. Double-folding potential, which is a type of sudden potential, has also been used to study nuclear reactions; fusion cross sections near the Coulomb barrier are described by channel-coupling (CC) calculations with double-folding potentials [4] . Recently, a repulsive core potential has been suggested to account for deep sub-barrier fusion cross sections [8] . However, the fundamental origin of the phenomenological repulsive effect has not been clarified yet.
In sub-barrier nuclear fusion, adiabatic potentials are expected to work, which contain excitation effects of colliding nuclei. Adiabatic potentials treating excitation effects of colliding nuclei contains CC effects approximately [2, 3, 9, 15] [2] . However, most of internuclear potentials used in the CC model are phenomenological ones, and they are not based on microscopic frameworks where the antisymmetrization effects between colliding nuclei are taken into account.
This paper aims to propose a method to obtain adiabatic internuclear potentials in a full-microscopic framework. In the process, the energy is minimized while constraining the internuclear distances via the deformed-basis antisymmetrized molecular dynamics (AMD) model, which can be easily applied to both asymmetric and symmetric systems. The adiabatic 16 O+ 18 O potentials obtained by the proposed method show that the excitation of valence neutrons in 18 O reduces the thickness of the Coulomb barriers and enhances the subbarrier fusion cross sections of 16 O+ 18 O. The excitation effects are analyzed via comparison of cross sections obtained by adiabatic and sudden potentials. In general, the enhancement effects of sub-barrier fusion cross sections are larger in heavier systems but we choose the light systems 16 O+ 16,18 O, due to the numerical cost for obtaining the internuclear potentials.
In Sec. 2, we explain the framework to obtain internuclear potentials and fusion cross sections. In Sec. 3, we present the internuclear potentials and fusion cross sections. In Sec. 4, we discuss the role of valence neutrons in 18 O to enhance sub-barrier fusion cross sections. Finally, conclusions are given in Sec. 5.
Framework
We propose a method to obtain adiabatic potentials via energy variation with the intercluster-distance constraint in the AMD framework [12] . In the present study, we use the deformed-basis AMD framework [7] . A form of the deformed-basis AMD wave function |Φ , Slater determinant of Gaussian wave packets, is described as
whereÂ is the antisymmetrization operator, and |φ i and |χ i are spatial and spin-isospin parts, respectively. K is a real 3 × 3 matrix that denotes the width of Gaussian wave packets, which is common to all nucleons, and Z i is a complex vector that denotes a centroid of a 2/11 Gaussian wave packet in phase space. The wave function is set as the expectation values of the position of center of mass and the total momentum are zero. A wave function |Φ C1−C2 , having a dinuclear structure comprising nuclei C 1 and C 2 , is defined as
where |Φ Ci is a direct product, which is not antisymmetrized, of single-particle wave functions with proton and neutron numbers corresponding to the nucleus C i . The internuclear distance R is defined by the density distribution of a total system. Suppose the centers of mass of nuclei C 1 and C 2 are located on the z-axis with z < 0 and z > 0, respectively. Boundary planes of nuclei C 1 and C 2 for protons and neutrons are denoted by z = z p and z = z n , respectively, and are defined as
Here ρ p (r) and ρ n (r) denote proton and neutron densities, and Z 1 and N 1 denote proton and neutron numbers of nucleus C 1 , respectively. The internuclear distance R is defined by the positions R 1 and R 2 of the centers of mass of nuclei C 1 and C 2 , respectively, as
where Z i , N i , and A i denote the proton, neutron, and mass number of a nucleus C i , respectively. To obtain the adiabatic potentials V ad , we optimize the dinuclear wave function while constraining the C 1 -C 2 distance using the d-constraint AMD method [12] . That is, the energy is minimized while constraining the distance parameter d between the centers of mass of the wave packets of nuclei C 1 and C 2 according to
whereT ,V N ,V C andT G are the kinetic energy, effective nuclear interaction, Coulomb interaction, and kinetic energy of the center-of-mass motion of the total system, respectively. V cnst (d) denotes a parabolic constraint potential for the internuclear distance d defined by 3/11 using the set of single-particle wave functions |Φ Ci :
where v cnst denotes a sufficiently large number. Details of the constraint potential are reported in Ref. [12] . In d 6 fm, the distance R defined by the density distribution agrees with d defined by the centers of mass of subsystems for the 16 O+ 16 O system [11] . Adiabatic potentials reflect structural changes with respect to internuclear distances. By using the optimized wave function |Φ
where E C1gs + E C2gs denotes a summation of ground-state energies of nuclei C 1 and C 2 obtained by varying the energy for isolated systems C 1 and C 2 in case of common width matrices K for the wave functions of C 1 and C 2 . Wave functions obtained by the energy variation for a summation of energies of nuclei C 1 and C 2 are denoted as |Φ (i = 1, 2) to a certain position such that the internuclear distance is equal to R, and the total wave function is antisymmetrized. Thus, the structures of nuclei C 1 and C 2 are frozen, except for the effects of antisymmetrization between nuclei C 1 and C 2 . Next, we define the sudden potential as,
For the 16 O+ 18 O system, since the ground-state wave function of 18 O is deformed, the orientation Ω of 18 O is averaged to obtain the sudden potential:
For practical purposes, Ω integration is achieved by averaging the direction of the shift in the position of nuclei C 1 and C 2 . The data points for the potentials are calculated at intervals of approximately 0.5 fm and are interpolated by spline curves to obtain potentials as functions of R.
To obtain the present internuclear potentials, we adopt a distinct treatment of subtracting 2T G instead ofT G from the Hamiltonian [Eq. (12) ]. The 2T G is subtracted to eliminate the kinetic energy of the internuclear motion T rel and that of the center-of-mass motion T G of the total system. The expectation value T i of the kinetic energy of the center-of-mass motion 4/11 of nucleus C i is separated into the classical part T
2Aim and the other part T Gi as
here P i is the expectation value of the total momentum of the nucleus C i . When two nuclei C 1 and C 2 are well separated, T G1 and T G2 are functions of K as
which equals to T G . For the adiabatic condition P 1 = P 2 = 0, wave functions of subsystems are set as T (cl) i = 0 in obtaining sudden potentials. In obtaining adiabatic potentials, A
term is used as a constraint potential for the adiabatic condition in the energy variation, and resultant value of T (cl) i is small and negligible. It gives
in both cases of adiabatic and sudden potentials. Using the equations, the 2T G term is written as a summation of the T G and T rel as
and the expectation value ofĤ ′ is written as
Although the T G1 and T G2 values deviate from T G in the overlap region because of antisymmetrization, this effect is small in the barrier region because overlap between nuclei C 1 and C 2 is small in the region. Hence, 2T G is subtracted in the present calculations. By these definitions, the internuclear potentials indicate Coulomb potentials in large R region. The Modified Volkov No.1 case 1 [1] and Gogny D1S (D1S) interactions are used as effective nuclear interactionsV N . In the Modified Volkov No.1 interaction, a three-body contact term is replaced with a density-dependent two-body term, and a spin-orbit term of the D1S interaction is added to adjust the threshold energy of 32 S to that of 16 
To obtain fusion cross sections, we use the potential model code potfus3 provided by Hagino et al. [5] . The potfus3 directly integrates second order differential equations using the modified Numerov method to solve the Schrödinger equation. Inside the Coulomb barrier, the incoming wave boundary conditions that there are only incoming waves at r = r min is employed. The r min is set to 6 fm in the present calculations. 2 ) value is less than 5 × 10 −2 MeV for R ≥ 4.5 fm region. The two interactions result in qualitatively similar internuclear potentials. Each sudden potential has a structural repulsive core [10] in the R 5 fm region because of the Pauli blocking. In the R 6 fm region, the adiabatic and sudden 16 Figure 2 shows the density distribution of the proton and neutron parts in the 16 O+ 18 O wave functions at R = 7.5 fm. This distribution is obtained by varying the energy with a constraint on the internuclear distance for the MV1 ′ interaction. The density distribution of the two valence neutrons, which is defined by subtracting the proton density from the neutron density assuming density distributions of protons and neutrons are similar for the 6 O fusion cross sections with the adiabatic and sudden potentials using the potential model code potfus3 [5] . Figure 3 shows O) agree with the experimental data qualitatively, whereas for the D1S interactions, the estimated sub-barrier fusion cross sections are less than the experimental data.
Results

Discussions
In this section, we discuss the contribution of valence neutrons in enhancing the sub-barrier fusion cross sections by analyzing the results obtained for the MV1 ′ interaction, which accounts for the measured 16 
The Fig. 4 as functions of the internuclear distance. The 16 O+ 18 O sudden potential (after averaging Ω) and the adiabatic potential are also shown for comparison. In the R 6 fm region, the sudden potential is similar to the maximum internuclear potential. In the R 7 fm region, the 16 
where R p and R n denote the positions of the centers of mass of protons and neutrons, respectively, and are defined in Eqs. (9) and (10 18 O is based on a strong-coupling scenario. In a weak-coupling scenario, these results suggest coupling with rotational members such as J π = 2 + state in the ground-state band contribute to the enhancement of sub-barrier fusion cross sections instead of coupling with J π = 1 − states, which is consistent with the CC model study [16] . In heavy and well-deformed systems, deformation effects to near-and sub-barrier cross sections are discussed using the orientationaverage of orientation-dependent cross section with sudden potentials [6] .
Conclusions
We propose a method to obtain adiabatic internuclear potentials via energy variation with the intercluster-distance constraint in the AMD framework. The potentials are applied to investigate the sub-barrier cross sections of 16 O+ 16 O and 16 O+ 18 O through a potential model. For the MV1 ′ interaction, the theoretical cross sections agree with the experimental data, whereas for the D1S interaction, the theoretical cross sections are less than the experimental data. Excitation of valence neutrons in 18 O enhances sub-barrier fusion cross sections. The alignment of deformed 18 O is a dominant excitation effect, while dipole polarization effects are relatively weak. To understand sub-barrier fusion reactions, the details of the structural changes should be considered. The present adiabatic internuclear potentials work well to describe sub-barrier nuclear fusions qualitatively.
